ABSTRACT: Since Its Introduction In the early 1970s Biomphalaria straminea (Gastropoda: Planorbklae) has spread rapidly and is locally the most abundant fresh water snail In Hong Kong. Studies of 19 electrophoretlcally detected loci in four populations show that the colonists retain high levels of variability (P = 0.26, H = 0.056 -0.097), comparable with those found in autochthonous samples of related species. Genotype frequencies at the five polymorphic loci, and a comparison of maternal and progeny genotypes of individual fieldcollected snails, revealed no evidence for self-fertilization in these functional hermaphrodites. F statistics indicated minimal genetic structuring, presumably because of outcrossIng and recency of origin of the populations. Geographic distribution of various alleles and their frequencies suggest that two southern populations were derived from the original colonists by dispersal but that a northern population represents a second Introduction in about 1982. This interpretation (based on genetics) Is consistent with the known history of the various populations. The Asian populations of this South American snail are Interpreted as being In the "flush" phase of the colonization process. Finally, the probability of the secondary spread of this snail from Hong Kong, and the probability of Its parasite, the human blood fluke Schlstosoma mansonl, being introduced to Asia are discussed.
STUDIES of colonizing species have played a significant role in the development of ideas about evolution and speciation 2 -20 . Although the very first stages of colonization are rarely noted, observations of recent colonists can reveal much about the size of the founding population and its inherent variability; factors that may determine its success in the new environment and the likelihood of genetic differentiation and ultimately of speciation. In this paper we report the results of a study of a neotropical freshwater snail recently introduced into Hong Kong". Our multiple-locus genetic characterization of this successful colonist will be discussed from an evolutionary viewpoint. In addition, as this snail is an intermediate host of an important human parasite in Brazil our results are of biomedical importance 25 .
The South American planorbid snail Biomphalaria straminea (Dunker 1848) is an intermediate host for the human blood fluke Schistosoma mansoni in parts of its range 27 . This snail probably was introduced into Hong Kong with imported tropical aquarium plants or fish from South America. The snails were first noticed by an amateur malacologist, Mr. A. J. Brandt in late 1973. Meier-Brook" identified the animals anatomically and the identification was confirmed by Paraense. The snails were found in a small paddy field stream draining into the Lam Tsuen River in the central region of the New Territories ( Figure 1 ). Dudgeon 4 reported their subsequent colonization of the Lam Tsuen River itself; probably during 1977. By 1980 the species had spread widely through the farming areas of the New Territories and was found in some of the aquarium fish rearing farms near the Chinese border 5 . In addition to its rapid colonization of the New Territories of Hong Kong, Biomphalaria straminea has prospered in its new environment, it is now the most common gastropod in many of the vegetable growing areas. The snails inhabit flooded irrigation furrows that are dug between strips of cultivated land where the water is typically shallow and slow flowing. During the hot summer months, snail densities at some locations reach > 2O,0OO/m 2 . The ecology of B. straminea in Hong Kong is described elsewhere 28 . The population structure and breeding system of this potentially self-fertilizing hermaphrodite are unknown. Similarly, almost nothing is known about genetic variability in B. straminea. Earlier workers have reported on variation in a few individual enzymes but these studies (reviewed by Jelnes 9 ) were based on very few snails from laboratory stocks and do not lend themselves to genetic interpretation.
The present study was undertaken to characterize the population genetics of B. straminea in Hong Kong. We employed starch gel electrophoresis and histochemical staining techniques to examine 19 loci encoding enzymes. The data were used to address several questions: 1) do the colonists show reduced levels of genetic variation as a result of the possibly very small effective population size of the founders?; 2) what docs the geographic pattern of allelic variation in Hong Kong tell us about the history of colonization?; 3) what patterns of population structure and breeding system are discernible among the colonists? The answers to these questions provide a basis for the consideration of some biomedically important issues.
Materials and Methods
B. straminea were collected at four sites in the New Territories, Hong Kong on 19 November 1982 (Figure 1 ). The sites were chosen to represent the geographical and ecological range of the species in this area.
1. SHUI WAI lies in a narrow valley of the Lam Tsuen River which flows to the east to empty into Tolo Harbor near the city of Tai Po. This population is presumably derived from, and representative of, the original stock that was discovered in 1973 in this valley at She Shan about 1 km upstream from Shui Wai.
2. SEK KONG is located 6 km west of Shui Wai. This site, on the floor of a broad westerly draining valley, is separated from the Lam Tsuen valley by a range of high hills that are uninhabited by Biomphalaria. Adult snails were collected at each site using dip nets and sieves. The snails were maintained in aquaria at the University of Hong Kong until they were moved to the University of California, San Diego (UCSD), two weeks after collection. Approximately one-half of each sample was frozen on dry ice prior to shipment; the remaining animals were transported alive to UCSD and used to establish laboratory colonies. Snail tissues were prepared for electrophoresis by gently crushing the shell and removing the animal. The tissue was quickly blotted to remove excess moisture and stored in plastic centrifuge tubes at -70°C. Following the addition of 0.2-0.4 ml of grinding solution (0.01 M tris, 0.001 M EDTA, 0.05 mM NADP; pH 7.0), the tissues were crudely homogenized using a rotating glass rod. Homogenate fluid was absorbed onto filter paper wicks that were inserted into 12.5 percent horizontal starch gels (25g Electrostarch Lot #392, 25g Sigma starch/400 ml buffer).
Combinations of buffers and stains employed are shown in Isozymes were named in order of decreasing anodal mobility in multilocus systems. Mobilities of allozymes were calculated relative to common allozymes of the U.S. National Institutes of Health albino M stock of B. glabrata that serves as a laboratory standard. Genetic interpretations of patterns were based on descriptions of human isozymes 8 and breeding experiments in B. glabrata li ' 16 .
Field-collected adult snails were used to determine gene frequencies for each sample. A locus was considered polymorphic if the frequency of the most common allozyme was < 0.99. Average heterozygosity per individual was based on Castle-Hardy-Weinberg expectations 17 . For each polymorphic locus a chi-square statistic was used to test the fit of the observed data to the random mating expectations of the Hardy-Weinberg model. For loci with three alleles, the chi-square statistics were calculated by pooling the less frequent alleles.
An analysis of genetic structure among the Hong Kong populations was done using Wright's F statistics 26 . The F u value is the inbreeding coefficient of an individual relative to its sample. The F n value provides a measure of interdemic variation among samples relative to the total and F it provides a correlation between gametes combined with-in an individual relative to the total sample. Unbiased estimates of genetic identity and genetic distance 17 were calculated for all population pairs. Statistical analyses were carried out using the BIOSYS-1 program 22 . Twenty-five field-collected snails were isolated individually after arrival at UCSD. These snails were allowed to lay eggs for 6 weeks before they were frozen (-70°C). Progeny snails were allowed to grow for 8 weeks and were then frozen. Parents and progeny were examined for the polymorphic loci in an attempt to determine the extent of selling or outcrossing among these snails.
Results
Thirteen enzyme systems were examined and genetically interpretable results were obtained for 19 isozymes (Table I) . Although some reduction in enzyme activity was noted in material frozen before transport from Allelic frequencies for the five polymorphic loci are shown in Table III . For three cases, the probability that the observed frequencies were in Castle-Hardy-Weinberg equilibrium was < 0.01. Although this is somewhat more than would be expected by chance in 18 tests, the large chi-square values are scattered among loci and populations. The data are therefore generally consistent with a model of random mating.
Interpopulation comparisons of allele frequencies may be based on the four loci (Est-1, Est-2, Aat-1, Pep-2) that show sufficient variability. Two striking generalizations emerge from the consideration of the patterns of such geographic variation ( Figure  1) Values for F statistics are presented in Table IV. The mean F u value was 0.044 and indicates that despite the potential for selffertilization, selfing is not a major factor in the reproduction of B. straminea in Hong Kong. For the Hong Kong populations the average fixation index F n was 0.098. This value indicates some slight geographic variation in allele frequency among samples in this small area. The F it value of 0.137 also is not large and reflects a greater contribution of bctween-population variation than withinpopulation variation, as would be expected for conspecific comparisons.
Values Finally, only 4 of the 25 snails isolated in the laboratory following their collection in Hong Kong produced progeny for analysis. The results of these parent-offspring studies are presented in Table VI . Although the sample size is small, 3 of 4 snails reproducing in the laboratory provided evidence of outcrossing either by production of offspring with nonmaternal alleles (snails A, B, and C) or by producing offspring whose genotypic frequencies deviated from those expected for self-fertilization (snail B).
Discussion
The populations of B. straminea in Hong Kong are slightly more variable than comparable samples of B. glabrata, B. havanensis, and B. alexartdrina (Table II) . In fact, these colonists show levels of variability typical of autochthonous samples of 33 other species of pulmonates 21 . Despite their recent origin these derived Asian populations may well be representative of B. straminea in its native range in South America. There is no evidence that any of these four populations went through a severe bottleneck during the colonization process. There are five polymorphic loci in each population and up to three alleles segregating at any one locus. Thus, although the effective number of founders is unknown, it could not have been less than two in any of these cases. A single self-fertilizing adult could not have produced this allelic diversity. In fact, the effective population size of the founding population was probably more than two in all cases, as very small populations will lose some variability by genetic drift. Conversely, the founding population need not be very large. Nei et al. 18 have shown that even 10 founders, and rapid expansion following a founder event, would prevent substantial reduction of P and H. As B. straminea has a mean generation time of 26 days under optimal conditions in the laboratory, and as snails may produce 10-70 eggs/snail/day throughout their 20-week reproductive period (r m = 0.2148/snail/day at 27.5°C) 28 , there is little doubt that a few colonists arriving in Hong Kong during the summer could preserve much of their inherent variability. In retaining this variability the Hong Kong B. straminea are similar to two other molluscan colonists: North American populations of European Helix aspersa 11 and Chinese populations of Californian Crepidula onyx 2 *. They contrast markedly with other molluscan colonists that show greatly reduced levels of allozymic variability including North American populations of European Cepaea nemoralis and Rumina decollata and Hawaiian populations of African Achatinafulica 21 .
Two conclusions may be drawn from the interpopulation pattern of allelic variation and the known history of the various colonies. First, the Pak Shek Au colony with its unique allele {Pep-2 092 ) at high frequency and its apparent arrival during late 1981 or 1982, probably represents a second introduction. The difference between this population and the three southern ones at the peptidase locus could not have arisen by mutation in the time available without invoking extraordinarily high selection pressures. Given that this colony lies in the center of the aquarium fishraising area of Hong Kong it is far more likely that it was established recently with stock from a different area of B. straminea's geographic range. It is perhaps noteworthy that the pond from which our sample was taken was occupied by angelfish Pterophyllum spp., but we could not determine where the fish had originated or when they were put in the pond. Nevertheless, our first conclusion is that the snails in the north of the New Territories at Pak Shek Au represent a separate lineage from those in the south. Our second conclusion concerns the relationships among the three southern samples. Again, we know some of the history of the coloniza- tion process and this information, coupled with the allele frequency data, suggests that the three southern populations are closely related. It appears that the original introduction to the Lam Tsuen valley in the early 1970s gave rise to Sek Kong and Sha Kok Mei colonies by dispersal. This is consistent with the decline in individual heterozygosity from 0.097 at Shui Wai (near the presumptive site of origin) to 0.087 at nearby Sek Kong and 0.056 at the more remote Sha Kok Mei. It also is consistent with the fact that the most common alleles (at all four variable loci) at Shui Wai tend to be more common, and the rare alleles more rare, in the derived populations. Such patterns are probably the result of the local dispersal of small numbers of snails accompanied by genetic drift. The fact that no alleles were lost in the dispersal from the Lam Tsuen to Sek Kong while 2 of the 10 alleles in the alleged source population failed to make it to Sha Kok Mei is understandable in terms of the latter colonies greater geographic isolation and the vagaries of the dispersal process. We can only speculate as to the mode of dispersal: movement of egg masses containing 10-30 snails on vegetables and crop plant seedlings or transportation of juvenile snails in the mud on the feet of wading birds are strong possibilities. Irrespective of how each area was colonized the subsequent explosive growth of the populations prevented further loss of allelic diversityGenotype frequencies for the five polymorphic loci generally are in agreement with expectations for panmixia (Table III) . We conclude that, although B. straminea is a functional hermaphrodite, there is no evidence for self-fertilization in these field-col- (Table VI) . Data for animals A, B, and C also indicate that these snails can store allosperm for at least 2 weeks. This habit would allow a previously fertilized snail to carry not only its own set of maternal genes but also those of one or more paternal sets. Although there is no evidence for more than one type of allosperm in the progeny of the Hong Kong snails, studies of B. havanensis indicate that multiple matings may occur 13 . Outcrossing and sperm storage, acting together, probably account for the high levels of genetic variability seen in the Hong Kong colonies of B. straminea.
The F statistics (Table IV) . It is the common Biomphalaria north of about 11 ° S latitude, an area that encompasses most of the Amazon basin and the coastal rivers from Venezuela to Bahia 6 . As very large numbers of fish have been collected for the aquarium trade in this region it is not at all surprising that the species should be inadvertently exported with fish to places like Hong Kong. The snails that reached Asia probably arrived as eggs or juveniles in large volumes of water accompanying tropical fish". As B. straminea lays as many as 70 eggs/snail/day it is easy to imagine how the founding population could possess substantial genetic variability. The colonists found the environment very suitable, especially during the warmer months of the year, and the population grew rapidly and spread to suitable sites throughout the region. In this respect they are now in the "flush" phase of the colonization process and we plan further analyses to examine some of the predictions of Carson's founderflush and Templeton's genetic transilience models of founder-induced speciation 3 . Although neither hypothesis leads to expectations of changes in the major isozyme loci between ancestral and derived populations a comparison of linkage disequilibria among these loci may indicate the course of evolution in the colonists.
The presence of B. straminea in Hong Kong raises two medically significant issues as this snail is the main intermediate host of Schistosoma mansoni in northeastern Brazil 6 -27 . The first issue concerns the high probability that this vector snail may secondarily spread from Hong Kong to other areas. This has already occurred by both active and passive dispersal; snails were found among fish imported into Australia 23 and have been found in adjacent areas of the People's Republic of China 10 . The second and more important issue involves the probability that the blood fluke, 5. mansoni, also might be introduced to China where conditions are locally ideal for its transmission. Meier-Brook 1 ' believed there was a real danger of the disease being introduced as Hong Kong is visited by large numbers of visitors, including many persons from endemic areas of 5. mansoni. However, the probability of an infected tourist defecating near the agricultural drains or fish ponds occupied by Biomphalaria strikes us as low. The parasite is more likely to be introduced in the intramolluscan larval phase. Fortunately, natural snail infection rates in Brazil are very low (< 1 percent) and snails bearing sporocysts producing both male and female cercariae would have to be introduced together. Nevertheless, our observation that snails are still being introduced to Hong Kong suggests that more vigilance is necessary 25 . At the very least, fish importations should be screened for snails large enough to carry sporocysts (> 3 mm).
